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METHOD AND APPARATUS FOR 
DETECTION OF QUADRUPOLE NUCLEI IN 
MOTION RELATIVE TO THE SEARCH 

REGION 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application claims priority to US. Application No. 
60/534,886 ?led on Jan. 7, 2004, the entire contents of this 
application being incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

The interception of contraband, such as explosives, nar 
cotics, and biological Warfare agents, is an important issue 
in the effort to ensure public safety. Numerous technologies 
have been proposed to detect contraband, With each tech 
nology presenting its oWn set of strengths and Weaknesses. 
It is desirable to quantify the detection performance of each 
technology to judge its viability. Of particular interest is the 
time required to search a speci?ed region While maintaining 
a speci?ed minimum probability of correct detection (PCD) 
and a speci?ed maximum probability of false alarm (PFA). 
In order to achieve a desired PCD for an acceptable PFA, it 
is often useful to increase the search time, thereby limiting 
the throughput time through the search region. Overcoming 
environmental factors, Which adversely affect the PCD, or 
noise, Which may increase the PFA, can lead to further 
increases in search time. For example, although x-ray CAT 
scan equipment is commonly used to inspect for contraband, 
these instruments generally take about 10 seconds to per 
form a scan. In addition, because standard x-ray instrumen 
tation relies on indirect information such as shape and 
density, it generally cannot directly identify contraband 
material. Particularly problematic are sheet explosives. The 
ambiguity inherent in indirect detection produces degraded 
performance through increased PFA, Which increases 
throughput time, and a decreased PCD, Which alloWs con 
traband to pass through the screening procedure, in com 
parison to direct detection methods Which have reduced 
ambiguity. Another commonly used method of detection is 
vapor-based or particulate trace-chemical analysis. Although 
these instruments are signi?cantly less expensive and 
smaller than x-ray based systems, their performance is 
degraded by a large PFA because of their sensitivity to trace 
quantities. These systems typically perform analyses in 
seconds and either require physical contact With the scanned 
item, or a specially designed vapor capture method that 
disrupts the normal How of activities. 

SUMMARY OF THE INVENTION 

The invention relates generally to bulk substance detec 
tion systems that reveal the presence of objects containing 
quadrupole nuclei, for example, contraband such as explo 
sives, narcotics, or biological Weapons. More particularly, 
the invention relates to an apparatus and method for 
remotely detecting such concealed substances While they are 
moving relative to the probe, With detection being accom 
plished by nuclear quadrupole resonance (QR) or nuclear 
magnetic resonance. 

This invention provides a practical apparatus and method 
for QR detection of objects containing quadrupolar nuclei, 
Which may be concealed, and are in controlled or uncon 
trolled motion, including constant or non-uniform velocity, 
through the probe-sensing region, during sensing. More 
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2 
speci?cally, the invention provides a system that improves 
the efficiency of a scanning operation Wherein quadrupolar 
nuclei are detected, by permitting the normal How of activi 
ties during scanning, as for example; scanning baggage as it 
moves on a conveyor belt for contraband, scanning humans 
for contraband as they Walk through a portal, scanning for 
contraband by moving a handheld or other probe With 
respect to a sample to be investigated, as in scanning for 
mines, scanning humans for contraband, and scanning for 
biological materials. Ef?ciency improvements from 
increases in throughput are supplemented by improved 
effectiveness of the scanning operation Wherein the prob 
ability of detection for the minimal threshold quantity of a 
quadrupolar material is increased, While the probability of 
false alarm is minimized. 
A preferred embodiment of the invention utilizes a pulse 

sequence that is non-phase cycled. Anon-phase cycled pulse 
sequence is a sequence in Which the phase of the sequence 
has a constant or alternating phase Within a given cycle and 
Will have an equivalent phase in at least a pair of adjoining 
cycles. Alternatively the phase can be variable Within a 
cycle, but at least a pair of cycles Within the sequence Will 
undergo the same change in phase. 
A preferred embodiment of the apparatus includes one or 

more RF excitation loops With corresponding Q-damping 
loops and one or more reception loops With corresponding 
Q-damping loops as Well as shielding designed to diminish 
ambient EM and RF noise. Multiple QR excitation and 
sensing loops can extend the probe-sensing region, thereby 
increasing the number of QR responses available for mea 
surement, or they may only provide enhanced noise cancel 
lation. Sensing the scan-item With multiple reception loops 
can be used to provide directional sensitivity and also 
provides a system for reducing the effects of AM-broadcast 
interference, piezoelectric ringing, and magnetoacoustic 
ringing. The loops can be composed of a metallic conductor, 
as is commonly used in practice, or they may be composed 
of a superconducting material. RF excitation at the loop(s) 
is achieved by generation of RF pulses from a pulse 
sequence synthesizer coupled to a pulse ampli?er. A master 
oscillator provides timing for the entire system and provides 
an RF source for the pulse sequence synthesizer. Sensing is 
achieved by amplifying QR-response(s), received at the 
loop(s), and passing it (them) through a quadrature phase 
receiver(s). Analog signals, at the baseband frequency, from 
the quadrature phase receiver(s) are digitized. Digitization 
and processing take place in the data acquisition, processing 
and control module, Which is PC-based. Detection cueing 
and conveyor stop/ start are part of the control module. 
A preferred method consists of detecting a possibly con 

cealed quadrupolar object in motion through the probe 
sensing region during the sensing operation by using a pulse 
sequence tailored to the QR response from moving quadru 
polar targets and such that is, produces QR responses, as 
long as the sample remains Within the probe-sensing region 
during excitation and sensing. In addition to a pulse 
sequence tailored to moving quadrupolar targets, the present 
invention addresses the problem that successive responses 
from moving quadrupolar targets have motion induced 
phase shifts, Which can destroy coherent time-domain super 
position of successive responses, and thus not only fail to 
achieve an enhancement of signal-to-noise ratio (SNR) but 
possibly degrade SNR. The present invention provides 
methods to effectively enhance the signal, by processing the 
multiple responses prior to superposition. 

Tailoring the pulse sequence entails consideration of the 
multidimensional dependence of output signal response on 
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input pulse parameters, external environmental parameters, 
and quadrupolar target parameters, including maximum 
velocity. A Transit Optimized Pulse Sequence (TOPS) 
results from the static maximization of output response as a 
function of these parameters, and/or the dynamic maximi 
Zation as a function of their temporal variability. TOPS is 
designed to achieve detection of quadrupolar targets moving 
through a probe sensing region. In dynamic adjustment, 
successive responses are compared in a feedback algorithm 
that alters the pulse parameters to optimiZe the QR-response 
and provides the optimiZed parameters to the pulse sequence 
synthesizer, Which tunes one or more excitation loops to, or 

near, the QR-resonance frequency(ies) of interest. Speci? 
cally, the pulse sequence is adjusted With respect to pulse 
Width (tp), pulse separation ('5), and offset frequency (Af), 
While accounting for the constraint of target transit time (tt), 
through the probe-sensing region, to improve the SNR per 
unit time. Further adjustment of the pulse sequence With 
respect to input pulse poWer is achieved by recogniZing that 
the maximum output poWer is not achieved at the maximum 
input poWer but that the output poWer is a nonlinear function 
of the input poWer and that this function is maximiZed at a 
speci?c poWer level Which is a function of the input pulse 
sequence parameters, the quadrupolar sample parameters, 
and external environmental parameters. Adjustment of the 
excitation frequency is achieved by adjusting the frequency 
in a feedback loop Where the output signal, at the resonance 
offset frequency, is used to iteratively move the input 
frequency closer to resonance. The loop terminates When the 
output poWer is maximiZed, corresponding to minimiZation 
of offset error, under the conditions of a given experiment. 
This reduces the sensitivity of the QR measurement SNR to 
temperature variations of the quadrupolar nuclei. The result 
is a TOPS. 

Processing received QR responses to enhance SNR is 
achieved by ?ltering and summing across the magnitude 
spectra, to coherently add successive responses Without 
motion-induced phase shifts. The magnitude spectra (or the 
optional lD magnitude spectrum) are used to derive a signal 
metric, Within the region of the predetermined QR-reso 
nance, and the noise metric is determined throughout the 
frequency spectrum. Such metrics can be de?ned using 
standard deterministic or statistical methods, such as the 
calibrated or mean amplitude of the signal response, Which 
has been repeatedly measured, and the measured maximum 
noise or standard deviation of the noise response, respec 
tively. If the signal metric exceeds a predetermined threshold 
and the noise metric is beloW a predetermined threshold, 
detection is indicated by visual and audible signals. Like 
Wise, When detection is not present, or the response provides 
inconclusive or ambiguous information, different visual and 
audible signals are provided. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

FIG. 1a illustrates the phase cycled SLSE/CPMG pulse 
sequences, FIG. 1b illustrates one variant on the Phase 
cycled SORC (NPAPS-PAPS) sequence, and FIG. 10 illus 
trates the SORC sequence for QR detection systems. 

FIG. 2 illustrates a QR system for contraband detection 
Within baggage, using a meander-line surface coil. 

FIG. 3 illustrates a QR system for contraband detection of 
contraband on a human using a handheld meander-line 
surface coil. 
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4 
FIG. 4 illustrates a minimal system for detection of 

moving quadrupole nuclei in accordance With the present 
invention. 

FIG. 5a illustrates a system for detection of contraband, 
Within baggage, moving on a conveyor belt. FIG. 5b shoWs 
a shielding system on one side of the probe-sensing region: 
symmetrical shields are located on the other side. 

FIG. 6 illustrates a portal detection system for revealing 
the presence of contraband on moving humans. 

FIG. 7 illustrates a system for detection of contraband on 
a stationary human by sWeeping a hand-held detector over 
the search region. 

FIG. 8 illustrates transit optimiZed pulse sequence 
(TOPS) for detecting moving quadrupole nuclei. 

FIG. 9 illustrates the effect of pulse parameters on the QR 
response from a moving scan-item. 

FIGS. 10a and 10b shoW a comparison of quadrupole 
signals in the time domain from a stationary quadrupolar 
target With ?ll factor 14%, and the same target moving at 12 
mph (19 kph) through the probe sensing region. 

FIGS. 11a, 11b and 110 illustrate a comparison of qua 
drupole signals in the frequency domain from a stationary 
quadrupolar target With ?ll factor 14%, and the same target 
moving at 12 mph (19 kph) through the probe sensing 
region. 

FIG. 12 illustrates ROC curves obtained using 10 W 
excitation and a target velocity of 3.4 mph (5.5 kph) for three 
different target siZes corresponding to ?ll factors of 1.8%, 
3.6%, and 7.3%. 

FIGS. 13a and 13b are process How diagrams in accor 
dance With a preferred embodiment of the present invention. 

FIGS. 14a and 14b are process flow diagrams of a 
preferred embodiment of the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

It is an object of the present invention to increase the 
throughput rate of QR detection systems by providing a 
method of remotely detecting, possibly concealed, quadru 
polar targets as they move through one or more probe 
sensing regions. It is a further object of the present invention 
to provide an apparatus for remotely detecting, possibly 
concealed, quadrupolar targets as they move continuously 
past one or more probe-sensing regions. By alloWing the 
scanned object to move relative to the probe-sensing region, 
during the detection interval, the throughput time of a QR 
detection system can be substantially reduced, While simul 
taneously increasing the number of QR signals obtained for 
averaging, thereby increasing the SNR. 

This method provides a signi?cant increase in throughput 
rate by not disrupting the normal How of scan-items such as: 
people, baggage, ?uids carrying quadrupolar materials, or 
other containers of quadrupolar substances through the 
probe sensing region. This is a key consideration in such 
important applications as explosives and narcotics detection 
at airports. For example, current technology typically 
requires multiple seconds to scan a stationary object or 
scan-item. In contrast, the present invention can scan mul 
tiple scan-items in parallel While they move at velocities 
determined by normal practices, such as the speed of bag 
gage conveyors at airports. The maximum velocity at Which 
detection is possible is limited by the time the scan-item is 
Within the probe sensing region, the siZe of the scan-item, 
the pulse rate, and the ambient noise. For example, detection 
of scan-items moving at over 12 mph can be performed for 
even a feW grams of quadrupolar substance that occupy a 
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feW percent of the probe sensing region, using RF pulses 
With amplitudes on the order of a feW Gauss at the material 
being scanned. 

Quadrupole resonance (QR) detection systems directly 
detect bulk contraband such as explosives (RDX and TNT) 
and narcotics (Cocaine and Heroin), and are therefore 
capable of achieving a high PCD for a loW PFA. The 
physical basis for QR detection is the electrical properties of 
atomic nuclei and their surrounding electronic environment. 
Atomic nuclei possessing both an electric quadrupole 
moment and a magnetic dipole moment are referred to as 
quadrupolar nuclei. If a quadrupolar nucleus experiences a 
non-Zero electric -?eld gradient tensor due to the surrounding 
electronic charges, the resulting electrostatic interaction 
energy results in preferred orientations of the nucleus. The 
present system can perturb the orientation of quadrupolar 
nuclei by subjecting them to an external RF magnetic ?eld 
at a frequency, also knoWn as the resonant or transition 
frequency, determined by the energy difference betWeen 
preferred orientations. As the resonant frequency is strongly 
dependent on the electric ?eld gradient tensor, different 
chemical compounds containing the same quadrupolar 
nuclei Will have distinct resonant frequencies. As an 
example, Table 1 shoWs the resonant frequencies associated 
With different explosive materials containing nitrogen-14 
quadrupolar nuclei, at room temperature, along With the 
relaxation and decay times associated With each transition. 

TABLE 1 

QR Resonance 
Frequency T2 LmeWidth 

Compound (MHZ) T1 (ms) (ms) (kHz) 

TNT v,r 0.8701 4000 20-50 0.5 
0.8589 3000 1.3 
0.8481 9600 0.4 
0.8438 4700 0.6 
0.8422 3500 0.6 
0.8366 2100 0.9 

TNT vi 0.7683 9800 20-60 0.7 
0.7509 2200 0.7 
0.7426 3000 0.4 
0.7395 5500 1.0 
0.7140 4300 0.7 

RDX v,r 5.240 12 7.1 0.4 
5.192 13 8.2 0.2 
5.047 13 6.8 0.4 

RDX vi 3.458 12 5.7 0.5 
3.410 11 6.2 0.3 
3.359 15 6.3 0.4 

HMX v, 3.737 =12000 125 1.4 
3.623 ~9000 159 2.3 

PETN v,r 0.890 =32000 50-60 0.3 

A QR system detects a chemical compound by revealing 
the presence of quadrupolar nuclei contained Within the 
compound. This is accomplished by applying a series of RF 
magnetic ?eld pulses across a search region, at, or near, a 
resonant frequency of the quadrupolar nuclei. In betWeen RF 
pulses the quadrupolar nuclei rotate back toWards their 
preferred orientations. The rotating nuclear magnetic dipole 
moments induce a voltage in a pickup coil located Within the 
search region, revealing the presence of the quadrupolar 
nuclei. 

In comparison to other detection technologies, QR sys 
tems offer several advantages; namely (i) a QR detection 
system identi?es a contraband component remotely, through 
its RF response, based on its resonant frequencies; (ii) 
because each compound has a unique set of resonant fre 
quencies; benign materials do not produce false alarms, 
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6 
essentially eliminating a signi?cant problem With other 
methods; (iii) QR systems detect bulk quantities of contra 
band, and as a result, are less prone to degradation by 
ambient “chemical noise” than trace chemical analyses; and 
(iv) as the contraband material must be located Within a 
Well-de?ned sensing region, QR detection systems provide 
information on the relative location of the contraband. 

A signi?cant challenge in the development of QR detec 
tion systems is a loW signal-to-noise ratio (SNR) due to the 
small energy differences betWeen the preferred orientations 
of the quadrupolar nuclei. A loW SNR results in missed 
detections and false alarms. The most common method for 
increasing SNR is to coherently add consecutive QR signals 
produced by a multi-pulse sequence (see R. A. Marino and 
S. M. Klainer, Multiple Spin Echoes in Pure Quadrupole 
Resonance, J. Chem. Phys. 67(7), 3388-3389, 1978 and, S. 
S. Kim, J. R. P. Jayakody, and R. A. Marino, Experimental 
Investigations of the Strong-Off Resonant Comb (SORC) 
Pulse Sequence in 14N NQR, Zeilschri? fur Naluiy‘brschung 
A: Journal ofPhysical Sciences, 47A, 415-420, 1992, incor 
porated herein by reference). Coherent addition of the indi 
vidual steady state QR responses increases the SNR, When 
the noise is random, by the square root of the number of 
signals averaged at the expense of increasing the search 
time. 

Multi-pulse sequences used in existing QR detection 
systems are based on the Carr-Purcell-Meiboom Gil 
(CPMG) sequence, the spin-locked spin-echo sequence 
(SLSE), or the strong-off resonant comb (SORC) sequence. 
These sequences are referred to as steady state free preces 
sion sequences as the magnetization achieves a steady state 
after some time, t, that is generally at least tWo T1. The 
CPMG sequence is represented as 

T 

90, - 5 - [180y -T]N, (1) 

Where 90 denotes a 90° pulse, x denotes that the pulse is 
applied along the x-axis, in a rotating frame, and "c is the 
delay betWeen the 1800 re-phasing pulses. When the pulse 
sequence is applied to a poWder, instead of a single crystal, 
the meaning of the notation becomes symbolic rather than 
literal: the spread of crystal orientations causes the ?rst 
maximum of magnetiZation to lie beyond 90°, and the 
corresponding ?rst minimum to lie beyond 180°. The sub 
sequence [180y—"c] is repeated N times to generate N spin 
echoes. The peak amplitude of successive spin-echo enve 
lopes relaxes toWards Zero With an effective spin-spin relax 
ation time T26. If the noise components of the QR measure 
ments are uncorrelated across echoes, then the average of the 
N coherent spin echoes has higher SNR than the measure 
ment of any single spin echo. 

The SLSE sequence 

is similar to the CMPG sequence, except that the rephasing 
pulse has been shortened to 90y. In QR detection systems, 
the SLSE and CPMG sequences incorporate phase cycling 
in order to cancel spurious signals coherent With the RF 
pulses, such as ring doWn of energy in the probe coil and the 


















